Allozyme variation (17 loci coding 11 enzymes) was investigated in 14 populations of the fern Athyrium filix-femina var. asplenioides arrayed at differing elevations and latitudes in the southern Appalachians. Allozyme fingerprints showed that asplenioides individuals comprise meandering, overlapping clones usually 3 m in extent, occasionally forming larger clones of up to 17 m. Levels of genetic variability in populations (means: A ¼ 2:01, P ¼ 32:8, H ¼ 0:115) were near the averages for both ferns and seed plants. General conformance to Hardy-Weinberg expectations indicated a predominantly outcrossing mating system. Hierarchical F statistic analysis and occasional deficits and excesses of heterozygotes indicated population substructure. Similar allele frequencies across all populations resulted in low to moderate F ST values (mean F ST ¼ 0:069; range ¼ 0:013 ÿ 0:112) and high values of genetic similarity (mean S ¼ 0:944; mean I ¼ 0:992). Hierarchical analysis indicated that neither regional proximity (F XY ¼ ÿ0:009) nor elevation (F XY ¼ ÿ0:007) contributed substantially to divergence among populations (F XY ¼ 0:056), a result corroborated by UPGMA analysis that clustered together populations from different regions and of different elevational class. Southern Appalachian asplenioides differed from more eastern asplenioides populations of the piedmont and coastal plain in having higher frequencies of Pgm-2 c and Tpi-2 B , alleles characteristic of the more northern variety angustum. Nonetheless, genetic distinctness of the two varieties was maintained. We hypothesize that higher frequencies of angustum alleles in the southern Appalachian asplenioides populations are the result of introgression from angustum that persisted at high elevations as both taxa migrated northward following the retreat of the Wisconsinan glacier.
Introduction
The degree to which genetic variation of plant species is structured, i.e., patterned rather than random in space, differs among plants with different life-history attributes, indicating causal links to several factors (Loveless and Hamrick 1984) . Among the most influential factors are the dispersibility of propagules that integrate populations genetically and the mode of reproduction that influences the fate of dispersed propagules and the maintenance of genetic variation. Reproduction of many plant species involves a combination of sexual and vegetative reproduction, resulting in challenges to defining and recognizing genetic individuals for population genetic analysis (Cook 1983; Ellstrand and Roose 1987; Wolf et al. 1991; Parks and Werth 1993) .
Ferns and other pteridophytes are of special interest because their life-history features may constrain their rates of geographic divergence and speciation. Wind-borne fern spores are capable of dispersing great distances, as evidenced by disjunct occurrences of numerous fern species (Wagner 1972 ) and multiple long-distance colonizations of some species (Ranker et al. 1994 ; but also see Vogel et al. 1999) . The effectiveness of long-distance dispersal in integrating populations of fern species is suggested by isozyme data sets that show near genetic homogeneity across wide ranges and thus a lack of isolation by distance (Soltis and Soltis 1987; Soltis et al. 1988; Wolf et al. 1991 ). An exception is the genus Osmunda, species of which showed substantial genetic regionalism, perhaps a result of their short-lived green spores (Li and Haufler 1994) .
In angiosperms, interspecific isolating mechanisms may evolve rapidly as species-specific interactions between pollinators, stigmatic surfaces, styles, pollen tubes, and flowering times (Arnold 1997), perhaps explaining higher rates of angiosperm diversification associated with biotic pollination modes than with abiotic modes (Ricklefs and Renner 1994; Dodd et al. 1999) . In ferns, dispersal of spores is usually abiotic, as are the simple, rather stereotyped sexual apparatus and process, i.e., the simple organs (archegonia and antheridia) borne on gametophytes and water-mediated fertilization by flagellated sperm. These features may combine to constrain the origin of reproductive isolation mechanisms in ferns, as reflected in lower rates of endemism for ferns than for angiosperms. For example, in Hawaii the proportion of (69%) is substantially lower than that in angiosperms (89%) (Wagner 1991) . Athyrium filix-femina (L.) Mertens sensu lato is a highly variable, globally distributed species complex comprising at least six regional taxa for which taxonomic rank is contentious. The most recent treatment placed four of these taxa at varietal rank within a broadly defined A. filix-femina (Kato 1993) . Two of these varieties occur in eastern North America, A. filix-femina var. angustum (Willd.) G. Lawson (northern lady fern) and var. asplenioides (Michx.) Farwell (southern lady fern), differentiated by various features including degree of frond tapering, rhizome orientation, and spore morphology and color (Butters 1917; Lellinger 1985; Kato 1993; Kelloff et al. 2002) . The present article focuses primarily on asplenioides (both taxa will henceforth be referred to by bare epithets for efficiency of wording), which ranges from New York to Florida along the east coast of the United States inland to the eastern portions of Kansas and Texas (Wherry 1961) . Its distribution overlaps that of its close relative angustum in southern New England westward through southern Pennsylvania to Missouri and southward as outlying occurrences at higher elevations in the Appalachian mountains of Virginia, West Virginia, and Tennessee.
In a recent study comparing angustum and asplenioides, very strong differences in allele frequencies at four isozyme loci (Idh-1, Pgi-2, Pgm-2, and Tpi-2) were observed between these two taxa, including populations near the area of their overlap, in contrast to the substantially less variation among populations within the taxa (Kelloff et al. 2002) . Until further sampling is carried out, it remains uncertain whether this pattern reflects differences between distinct species or a steep cline across the transition region between intraspecific taxa. A result indicating that the latter may be the case was the relatively high frequency for characteristically angustum alleles Pgm-2 B and Tpi-2 B in the only population of asplenioides sampled from a high elevation (1300 m), a mountain population from southwestern Virginia. All other asplenioides populations sampled were from lower elevations in the southeastern piedmont and coastal plain. As angustum has been reported from high elevations as far south as Tennessee (Wofford and Chester 1998) , it was hypothesized that the southern Appalachian region could represent a transition zone between angustum and asplenioides genotypes (Kelloff et al. 2002) .
We investigated patterns of allozyme variation within and among southern Appalachian populations of asplenioides, both to evaluate this hypothesis of geographic pattern of genetic variation and to explore features of population genetic structure and processes. We sampled from populations arrayed (1) in a latitudinally related hierarchy of geographic scale ranging from adjacent individuals to a maximum separation distance of 594 km and (2) over a range of elevations from 430 to 1750 m. Our goal was to determine whether southern Appalachian populations of asplenioides are extensively clonal, whether they are predominantly outcrossing or inbreeding, whether they exhibit spatial genetic structure, and whether there are significant differences in the allele frequencies in relationship to latitude and/or altitude, especially as might be influenced by introgression from angustum. This article extends and deepens the sampling of A. filix-femina populations, and the results reported here complement those of Kelloff et al. (2002) . Thus, these represent companion articles that emphasize different facets of the systematics and evolutionary history of this complex taxon.
Material and Methods
Plants of Athyrium filix-femina var. asplenioides were collected from 14 localities, each designated as a population, occurring along the Appalachian corridor from northern Virginia to South Carolina (table 1; fig. 1 ). All populations comprised plants exhibiting exclusively asplenioides habit and leaf morphology, with the exception of the northernmost population, Hawksbill, Virginia, at which an estimated 5%-10% of the plants exhibited tapering leaf bases suggestive of angustum. Two of the asplenioides populations, Mount Rogers and White Top, Virginia, included predominantly the broad-leaved form A. filix-femina var. asplenioides forma subtripinnatum Butters characteristic of high elevations in southern Appalachians. Occasional subtripinnatum individuals also occurred at the Wind Rock, Virginia, site. Sample sizes ranged from 25 to 104 ramets (a ramet constituted a crown of leaves) per population. At most localities, two to four subpopulations were designated, comprising either natural microgeographic units or arbitrary subdivisions.
Samples consisting of one frond obtained from each ramet were placed in sealable bags and kept refrigerated until isozyme electrophoresis could be performed. The color of the rachis (green vs. red), a single-locus genetic marker encoding dominant (red) versus recessive (green) phenotypes (Andersson-Kottö 1931; Schneller and Schmid 1982) , was noted for each sample. Multilocus molecular genotypes were determined for each ramet using isozyme gel electrophoresis on 11%-12%-starch gels (methodology of Werth [1985] ) for 11 enzymes as follows: on the lithium hydroxide electrophoretic buffer system (Werth 1985) were assayed hexokinase (HK), leucine aminopeptidase (LAP), and glutamate-oxaloacetate transaminase (GOT); on system 6 of Soltis et al. (1983) were assayed phosphoglucose isomerase (PGI), phosphoglucomutase (PGM), and triose phosphate isomerase (TPI); on the morpholine-citrate pH-8.2 system (Werth 1991) were assayed aldolase (ALD), isocitrate dehydrogenase (IDH), malate dehydrogenase (MDH), 6-phosphogluconate dehydrogenase Note. Estimated size, number of ramets sampled, and multilocus allozyme and rachis-color genotype are provided for each clone. Genotypes for loci that vary among clones are provided; all clones were homozygous for the commonest allele at loci not listed. a Wind Rock subpopulation 3 comprised a single clone possessing a triploid genotype, as indicated by asymmetric band intensities at heterozygous loci.
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INTERNATIONAL JOURNAL OF PLANT SCIENCES (6PGD), and shikimate dehydrogenase (SKDH). Electrophoretic band patterns, highly comparable to those previously reported in Athyrium and related fern genera (cf. Gastony and Darrow 1983; Haufler et al. 1985; Kelloff et al. 2002) , were interpreted genetically. Alleles were designated by letters consistent with those previously assigned (Kelloff et al. 2002) . To verify allele identities, a standard individual of known genotype was run on each gel.
Data Analysis
Data were analyzed using the BIOSYS computer program (Swofford and Selander 1981) for most analyses and the Matlab program (Mathworks 1997) for the Mantel matrix comparison test. To ensure rational estimation of population genetic parameters, the extent of vegetative reproduction to form clones was evaluated by comparing multilocus genotypes of paired ramet samples, separated by 1-2 m, obtained in many of the populations. In addition, intensive analysis was carried out on several large patches of ramets hypothesized to have derived at least in part from clonal spread. Confidence of clonal identity was evaluated by computing P gen , the probability that two successively sampled ramets with the same genotype could be from different clones, and P SE , the probability of second encounter of a genotype given the sampling effort (Parks and Werth 1993) .
Allele frequencies were computed on the basis of the set of genets in each population; i.e., each clone was represented in the data set as one individual, regardless of the number of ramets sampled from that clone. From the allele frequencies, three indices of genetic variability were computed for each population: mean number of alleles per locus (A), percentage of loci polymorphic (P), and mean expected heterozygosity (H). The breeding system of southern Appalachian asplenioides was evaluated by testing conformance to Hardy-Weinberg expected genotype proportions using x 2 analysis (with pooling if more than alleles were present at a given locus) and by computing the fixation index (F) for each polymorphic locus in each population. The x 2 test was considered valid if at least two of the three genotypic classes were represented by expected values !5.
The distribution of genetic variation as related to spatial scale and elevation was evaluated using Wright's F statistics (including hierarchical analysis) (Wright 1965 (Wright , 1978 , paired genetic similarity of populations and subpopulations, and evaluation of isolation by distance using matrix comparison. Hierarchical F statistic analysis of subpopulations was used to analyze whether genotypes within populations were distributed randomly in space or were spatially patterned. To evaluate whether genetic similarity of subpopulations is predicted by their geographic proximity, values of Rogers's similarity (S) were computed for each pair of subpopulations, and unweighted pair-group method (UPGMA) clustering was carried out to produce a dendrogram. To evaluate variance of allele frequencies among populations, values of F ST were computed for each locus across the array of 14 populations and were statistically compared to the null hypothesis that F ST ¼ 0 using contingency x 2 analysis. Hierarchical F statistic analysis was carried out to evaluate and compare the relative influence of geographic proximity and elevation on allele fre-quency divergence among populations. Analysis was carried out separately for populations grouped into their respective regions, as designated in table 1, and into two altitudinal groups, high elevation (>1000 m) and low elevation ( 1000 m). Values for Nei's (1978) genetic identity (I) and Rogers's (1972) genetic similarity (S) were computed for each pair of populations. Populations were clustered using UPGMA on the basis of S values, resulting in a dendrogram displaying associations among the 14 populations. To test a null hypothesis of randomness in relatedness of populations, the relationship between geographic distance of each pair of populations and pairwise values for Rogers's genetic distance (1 ÿ S) was evaluated using the Mantel matrix comparison test (Mathworks 1997).
Results
Data were obtained for 17 interpretable loci coding the 11 enzymes assayed. One locus (Pgi-1) was monomorphic, while the remaining 16 loci (Ald, Got, Hk, Idh-1, Lap, Mdh-1, Mdh-2, Mdh-3, Mdh-4, Pgi-2, Pgm-2, 6-Pgd-1, 6Pgd-2, Skdh, Tpi-1, and Tpi-2) showed varying degrees of polymorphism. Most individuals possessed conventional one-allele homozygous or two-allele heterozygous phenotypes characteristic of diploid organisms. However, occasional individuals 27  28  29  38  43  38  53  49  11  72  81  18  40 26 Lap: 56  28  13  38  43  38  53  49  11  92  81  29  40  28  Mdh3: A 1.000 0.946 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 were encountered exhibiting heterozygous phenotypes of three alleles or with asymmetric band intensities. These individuals were inferred to be spontaneous triploids. Sixty-three alleles were observed across all loci, and their frequencies were computed by tallying genotypes of genets, discrimination of which is explained below.
Genetic Variation within Populations
Evaluation of vegetative reproduction. In most cases, paired ramet samples possessed different genotypes, indicating only a limited amount of clonal spread. Among the entire set of ramets sampled were discovered 24 putative clones, i.e., groups of two or more spatially associated ramets with identical multilocus genotypes (table 2). In most cases, probabilities that different clones could independently acquire the same genotype were low (P gen ( 0:05), and in many cases the genotypes of the clones included a rare allele such that P gen was very low (P gen ( 0:001); thus, ramets with the same genotype could be assigned confidently to the same clone.
Clones varied in estimated size, most detected as a pair of ramets 2 m apart, a few occurring as larger patches of ramets. The largest clone encountered was an oval-shaped patch along the Appalachian Trail at the Wind Rock locality that measured 17 m 3 10:6 m and comprised numerous densely spaced ramets. This patch was sampled along a transect through its longest dimension as well as near its perimeter and was found to comprise only a single genet, marked unequivocally by possession of a rare allele, Mdh-4 B . A second clonal patch at Wind Rock comprised a set of 12 remotely spaced ramets extending 4 m along talus at the base of the cliff; this clone also was unequivocally marked by possessing a triploid genotype. Additional clonal patches up to 13 m long were discovered at other localities, notably along the nature trail at Big Meadows in the Shenandoah National Park.
To evaluate the nature of interfaces between abutting clones, intensive sampling was used to map genets in a dense patch of ramets occurring on a road bank at the Wind Rock locality. The patch comprised 45 ramets in a space of ca. 3:5 m 3 2:5 m and was believed to include more than one clone, because both red-and green-stiped ramets were observed in the patch. All 45 ramets were scored for stipe color and all but two for allozyme genotype. On this basis, 13 distinct genets were discriminated (fig. 2) . The central portion of the patch, where ramet density was greatest, included six genets (1, 2, 3, 5, 8, and 9), of which two comprised only single ramets (genets 8 and 9), while four comprised from two (genet 5) to 16 (genet 1) ramets. External to this dense central portion of the sample area occurred ramets of genets 1 and 3; small distinct genets 4 and 6, comprising three and two ramets, respectively; and genets 10-13, each represented by only a single ramet. In addition, genotype 7 comprised two ramets separated by 2.5 m, one above and one below the dense central subpatch. Even though this genotype included only common alleles, the probability that this genotype would occur spontaneously (P gen ) was low (0.016). However, given that this genotype was observed, the chance that it could recur among the sample of 12 additional genets (P SE ) was >0.05 (0.176). Thus, it is uncertain whether genotype 7 represents an older clone now fragmented or two different genets independently acquiring the same isozyme genotype.
Allele frequencies and genetic variability in populations. Most loci exhibited similar frequency distributions across all populations, with one very common allele at a frequency of >0.75 and all other alleles at much lower frequencies (table  3) . Exceptions were the two most variable loci, Pgm-2 and Tpi-2, for which frequencies were more evenly distributed among two or three alleles and which exhibited a higher H-W ratios a 0 (4) 0 (8) 3 (8) 7 (4) 4 (4) 5 (4) 0 (4) 0 (2) 0 (5) 7 (2) 7 (3) 0 (5) 4 (6) 4 (6) 1 (3) 10 (1) Tests showing nonconformance to H-W a 0 (1) 0 (0) 1 (0) 2 (0) 2 (1) 0 (0) 0 (0) 0 (0) 0 (0) 0 (1) 4 (0) 0 (0) 1 (0) 1 (0) 0 (0) 3 (0) Note. Conformance to Hardy-Weinberg (and therefore statistical difference of F from 0) was evaluated for each case using x 2 analysis. For cases in which more than two alleles were present, categories were pooled. Tests were considered valid if two of the three genotype classes had expected values >5. Only values marked by asterisks are significant. Results of nonvalid tests (two or more expected classes <5) are in brackets. Conformance to Hardy-Weinberg and the breeding system. Of the 139 cases of polymorphic loci across the 14 populations, valid x 2 analysis of conformance to Hardy-Weinberg expected values could be carried out in 67 cases, while 72 cases could not be validly tested because of skewed allele frequencies (tables 5, 6). Of the valid tests, 53 indicated conformance to Hardy-Weinberg proportions (P ! 0:05), i.e., F not significantly different from 0. Of the 14 cases that deviated significantly from Hardy-Weinberg expectations, 10 had positive F values (Tpi-2 in Big Meadows, 6Pgd-2 and Lap in White Top, Pgm-2 and Idh in Mount Rogers, Idh and Lap in Bubbling Spring, and Hk in Clintwood), indicating deficiencies of heterozygotes and implying some level of inbreeding within the populations. In the other four cases, F values were negative (Pgm-2 in Hawksbill, Tpi-2 in Deerfield, Pgm-2 in Bubbling Spring, and Tpi-2 in Mount Rogers), showing excess of heterozygotes. Of the 72 invalid tests, 69 indicated conformance to Hardy-Weinberg (the three that did not indicated excess homozygotes), despite the tendency of low expected values to inflate the x 2 value and falsely indicate significant deviation from expected. Moreover, all populations exhibited a majority of validly tested loci in Hardy-Weinberg.
Spatial Distribution of Genetic Variation
Analysis of within-population genetic structure. Of the total variance among all 31 subpopulations (F XY ¼ 0:068), roughly half was attributable to variation among subpopulations within their localities (F XY ¼ 0:034) and half to variation among localities with respect to the total (F XY ¼ 0:035) (table 7) . The variance of the subpopulations with respect to the region (F XY ¼ 0:072) was similar to that of the subpopulations with respect to total. Thus, the variance among the subpopulations within their populations, while of small magnitude, was as great as the variance among the populations across the total study region.
In the dendrogram resulting from UPGMA clustering based on pairwise values of S, all subpopulations were clustered at S ¼ 0:92 or greater (fig. 3 ). The smallest clusters often consisted of subpopulations from the same or neighboring localities (e.g., Hawksbill I/Hawksbill III/Big Meadows II; Fern Gully II/Fern Gully IV; Mount Rogers III/Mount Rogers IV; Wind Rock I/Wind Rock IV), although there were no cases where all subpopulations from the same locality were placed as nearest relatives, and in many cases subpopulations from distant localities were clustered together. Thus, membership of subpopulations to the same locality was not a strong predictor of genetic relatedness, but relatedness was not random with respect to geographic proximity.
Genetic divergence among populations. Values of F ST ranged from 0.013 to 0.112, with a mean of 0.069 (table 8) , magnitudes considered as low to moderate (Hartl 1980) , although F ST values were significantly greater than 0 for all loci except Ald, Got, and Mdh-1. The highest values (F ST > 0:70) were exhibited by the four most variable loci, Idh-1, Pgi-2, Pgm-2, and Tpi-2.
For the hierarchical F statistic analysis of allele frequency divergence among regions (table 9), all of the variation among populations with respect to the total (combined F XY ¼ 0:056) was explained by variation among populations within their region (F XY ¼ 0:064). The value for region with respect to the total was barely negative (F XY ¼ ÿ0:009), interpreted as equivalent to 0, indicating that geographic region explains none of the variance in allele frequency. Similarly, for elevation (table 10), most of the variation among populations with respect to the total (F XY ¼ 0:056) was explained by variation among populations within their respective elevational classes (F XY ¼ 0:049), with a minuscule value for the variation between the elevational classes (F XY ¼ 0:007).
Genetic relatedness of populations was high, with values for S ranging from 0.901 to 0.972, with a mean of 0.944; Table 6 Conformance to Hardy-Weinberg Expected Values
Population

Hardy-Weinberg (H-W) ratios
Heterozygote deficit
Heterozygote excess
Hawksbill, VA 6 (3) 0 (0) 1 (0) Big Meadows, VA 4 (7) 1 (1) 0 (0) Deerfield, VA 0 (9) 0 (0) 1 (0) Bubbling Spring, VA 1 (4) 2 (0) 1 (0) Tea Creek, WV 7 (2) 1 (0) 0 (0) Wind Rock, VA 5 (6) 0 (0) 0 (0) Fern Gully, VA 3 (6) 0 (0) 0 (0) Pond Drain, VA 3 (8) 0 (0) 0 (0) Salem, VA 1 (3) 0 (0) 0 (0) White Top, VA 6 (5) 2 (1) 0 (0) Mount Rogers, VA 3 (6) 2 (0) 1 (0) East River Mountain, VA 4 (3) 0 (0) 0 (0) Clintwood, VA 6 (5) 1 (0) 0 (0) Chattooga, River, SC 4 (2) 1 (1) 0 (0) Note. Conformance to Hardy-Weinberg (and therefore statistical difference of F from 0) was evaluated for each case using x 2 analysis. Tests were considered valid if two of the three genotype classes had expected values >5. The number of nonvalid tests is in parentheses.
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SCIARRETTA ET AL.-ALLOZYMES OF APPALACHIAN ATHYRIUM those for I ranged from 0.967 to 1.000, with a mean of 0.992 (table 11). In the dendrogram resulting from UPGMA based on values of S ( fig. 4 ), most clusters did not correspond to groups of populations definable by geographic proximity or elevation, e.g., the association of the southern Virginia, low-elevation Clintwood population with Fern Gully and Pond Drain, two high-elevation populations from Salt Pond Mountain. However, close association of neighboring populations, such as Shenandoah National Park populations Hawksbill and Big Meadows, Mountain Lake populations Fern Gully and Pond Drain, and southwestern Virginia populations White Top and Mount Rogers, as well as the formation of a cluster comprising three low-elevation populations Deerfield, Salem, and East River Mountain, suggest that genetic relatedness of populations is not random. The Mantel test showed a weak positive association (r 2 ¼ 0:114) between geographic distance (fig. 2) and genetic distance (1 ÿ S; see table 11) that was statistically different from random (P ¼ 0:030).
Discussion
The Athyrium filix-femina complex includes a number of significantly diverged yet interfertile regional taxa recognized by different authors at the rank of species, subspecies, or variety (reviewed by Kelloff et al. 2002) . Thus, this complex seems to represent a lineage ''caught in the act'' of speciating and providing a useful model for investigating geographic differentiation among populations of ferns. Unlike many angiosperm genera, pteridophyte genera do not tend to form sets of localized, closely related endemic species that have originated within continental subregions such as the southern Appalachians. Exceptions are found primarily among genera with unusual life cycle aspects such as Botrychium, which possesses subterranean gametophytes (Wagner and Wagner 1993) , and heterosporous Isoetes (Brunton and Britton 1999). However, in eastern North America, two genera of ferns with conventional life cycles (i.e., homosoporous and with superficial photosynthetic gametophytes), Pteridium and Athyrium, show parallel patterns of taxonomic complexity in that each has been divided into northeastern and southeastern taxa that indicate regional geographic divergence. In Pteridium aquilinum, a strong north-to-south cline in allele frequencies occurs across the geographic transition zone between the northern variety latiusculum and the southern variety pseudocaudatum, but the steepest part of this cline occurred within the range of latiusculum, indicating a lack of genetic distinction between the two varieties (Speer et al. 1998) . In contrast, A. filix-femina shows substantial differences in allele frequencies between the two varieties angustum and asplenioides, whereas populations within the varieties have similar allele frequencies and do not vary with respect to geographic location (Kelloff et al. 2002) .
The present study provides a more detailed understanding of the distribution of genetic variation in populations of asplenioides, contributing to a broader picture of the geography of genetic divergence in the A. filix-femina species complex. The data show that the levels and distribution patterns of genetic variation within and among southern Appalachian populations of asplenioides are largely consistent with those observed in other Athyrium populations (Schneller and Schmid 1982; Kelloff et al. 2002) , as well as in many other widespread diploid fern species. Specifically, (1) sexual reproduction via outcrossing of gametophytes is the predominant reproductive mode in asplenioides, giving rise to sporophytes usually capable of limited vegetative expansion, although large clones occasionally form, perhaps through a combination of exceptional genotypes and microhabitat opportunities; (2) the spatial distribution of alleles at most loci appears to be even across the populations, but exceptions indicate that the populations are moderately genetically structured; and (3) within the region studied, asplenioides populations show high levels of genetic similarity but are 
Levels of Genetic Polymorphism
Athyrium filix-femina sensu lato is well known as one of the most morphologically variable of fern species, as evidenced by the plethora of conspicuous genetically determined sports discovered in nature and propagated in horticulture (Shaver 1954; Kaye 1965; Smith et al. 1980) . Natural populations of all subtaxa of A. filix-femina possess visible poly-morphisms, the best-known example being rachis color, in which dominant and recessive alleles specify red and green phenotypes, respectively (Andersson-Kottö 1931; Schneller 1979; Schneller and Schmid 1982) . Variation in features of leaves, such as breadth, degree of tapering, or degree to which pinna tips are acuminate, are readily observed in nature and inferred to have a genetic basis because they exhibit consistency among leaves of single plants yet differences between plants growing in close proximity. Even the distinctive southern Appalachian broad-leaved form subtripinnatum apparently represents such a polymorphism rather than a differentiated taxon, because subtripinnatum plants were observed growing near plants of more typical morphology at the Wind Rock, Virginia, site, and no association between this form and allozyme genotype was detected. The prevalence of subtripinnatum in high-elevation populations such as Mount Rogers and White Top is enigmatic but indicates that it is somehow adaptive for the cooler climatic conditions of these sites.
Despite the impressive amount of morphological variation characteristic of Athyrium, levels of allozyme polymorphism were not especially high in southern Appalachian asplenioides. Index values (mean A ¼ 2:01, range ¼ 1:4 ÿ 2:8; mean P ¼ 32:8, range ¼ 17:6 ÿ 52:9; mean H ¼ 0:115, range ¼ 0:063 ÿ 0:173) were comparable to the means for seed plants (A ¼ 1:53, P ¼ 34:2, H ¼ 0:113), as compiled by Hamrick and Godt (1989) , as well as to those for diploid ferns (A ¼ 1:65, P ¼ 36:0, H ¼ 0:109), as compiled by Li and Haufler (1999) . These values are slightly lower than those previously reported for angustum and more eastern populations of asplenioides (Kelloff et al. 2002) . Populations with the highest values of H, i.e., Big Meadows, Hawksbill, and Chattooga River, possessed especially high frequencies of allele Idh-1 B , a characteristically angustum allele. The populations with the lowest values of H, Deerfield and Salem, were among the smallest in number of individuals and most isolated. Their low level of genetic variability may reflect founder effect.
Modes of Reproduction
Populations of asplenioides are formed through a combination of sexual reproduction via gametophytes, resulting in populations comprising numerous genetically distinct individuals, and vegetative extension of rhizomes, resulting in the formation of clones, a feature shared with many ferns (Sheffield et al. 1989; Parks and Werth 1993) . However, most ra-mets routinely sampled were also distinct genets, indicating that vegetative reproduction has only a minor influence on population structure and that sexual reproduction is the most common process by which sporophyte crowns are produced. While some of the ramet pairs that had identical genotypes could underrepresent the extent of larger clones unknowingly sampled at their margins, the fact that the great majority of paired samples comprised two distinct genotypes indicates that most clonal patches were indeed small. This was verified by the intensive mapping of a multiclonal patch (fig. 2) , which revealed the following: (1) clones of limited extent are formed by linear extension and branching of rhizomes in a meandering fashion; (2) growth patterns of clones are essentially independent of one another, as indicated by their substantial overlap and intergrowth; and (3) adjacent ramets are often from different clones. Such clones tend toward ''guerrilla'' morphology (terminology of Lovett-Doust [1981] ) and probably represent the most common expression of vegetative reproduction in asplenioides. Dense, uninterrupted patches of single clones up to 17 m in length (''phalanx'' morphology; Lovett-Doust 1981) occur, but only occasionally. These observations indicate that clone size and growth form may represent another variable phenotype in asplenioides that could have a genetic basis. The degree of clonality, characterized by a spreading horizontal rhizome, may be greater in asplenioides than in other geographic taxa of Athyrium such as angustum, characterized by a shorter rhizome, or the western variety A. filix-femina var. cyclosorum Ruprecht, which possesses a suberect rhizome.
Despite the potential of homosporous ferns to form hermaphroditic gametophytes, outcrossing is their most common mode of sexual reproduction (Haufler 2002) , although a significant minority of ferns is self-fertilizing (Soltis et al. 1988) and the breeding system can vary within species (Schneller et al. 1990 ). Outcrossing predominates in A. filixfemina populations of Europe, which form mainly unisexual gametophytes (Schneller 1979) , as well as in angustum populations of northeastern North America and in piedmont and coastal plain populations of asplenioides in the southeastern United States (Kelloff et al. 2002) . The present study shows that outcrossing is characteristic for southern Appalachian asplenioides populations as well, with most loci within all populations conforming to Hardy-Weinberg genotype proportions. Nonetheless, the number of valid tests indicating deviations from Hardy-Weinberg expectations (14 out of 67) is too great to attribute to chance alone. In each population for which loci with heterozygote deficits were observed (10 cases), other loci matched Hardy-Weinberg expectations, indicating that the level of inbreeding is not intensive, as expected under self-fertilization, and may be due instead to nonrandom distribution of some alleles within the population (structure) and localized mating (Wahlund effect). The four cases of heterozygote excesses could have resulted from disassortative mating (i.e., mating between individuals with greater-than-random genetic dissimilarity) and/or from greater fitness of heterozygotes. Disassortative mating could result from repeated localized mating between gametophytes arising from massive spore deposits of sporophytes that are homozygous for alternate alleles. The occasional formation of large clones that could saturate an area with the spores of one or a few individuals makes this scenario seem plausible.
Higher fitness of heterozygotes is often observed in natural populations (Mitton and Grant 1984) and may be a consequence of genomic heterosis, as has been suggested for Athyrium (Schneller and Holderegger 1997) The allozyme genotype itself may not be the proximal cause of higher fitness but rather may mark fitness-conferring genes to which the enzyme locus is tightly linked. Soft selection favoring heterozygotes could be enhanced in gametophytes that form multiple zygotes by differential nurturing of zygotes with higher quality (e.g., more heterozygous) genotypes (Klekowski 1982) .
Pattern of Genetic Variation within Populations
The degree of randomness of genotypes within populations is contingent, in part, on the effectiveness of spore dispersal in establishing progeny remote from parental sporophytes. Spore dispersal is known to be capable of effecting longdistance establishment of new populations and, in some cases, of resulting in random allele distributions (Suter et al. 2000) . Nonetheless, high degrees of population genetic structure are known to occur in some species of rock-inhabiting ferns . A variety of observations indicate that allele frequencies are not randomly distributed within populations of asplenioides and that some populations are moderately structured. (1) The occurrence of loci that conform to Hardy-Weinberg expectations along with other loci that show Rogers's (1972) genetic similarity S are provided above the diagonal and those for Nei's (1978) unbiased genetic identity I below the diagonal. heterozygote deficits in the same population is best explained by nonrandom distribution of the alleles at these loci.
(2) The magnitude of the F ST value was as great among subpopulations within their locality (0.034) as among localities across the entire range of the study (0.035).
(3) Clusters resulting from UPGMA never comprised all subpopulations of a single population and often comprised subpopulations from different populations; if there was greater allele frequency homogeneity among the subpopulations of each population, all would form clusters corresponding to localities. (4) Rare alleles were often observed to occur in neighboring individuals rather than randomly dispersed (data not shown). Such structure is most likely the result of leptokurtic dispersal of spore masses from individual plants (Conant 1978; Raynor et al. 1976; Peck et al. 1990) , such that neighbor-mating opportunities may be frequent relative to random matings. Several individuals of asplenioides were inferred to be triploid on the basis of their isozyme phenotypes, including a clonal patch at the Wind Rock, Virginia, site. Spontaneous triploids have been observed previously in natural populations of A. filix-femina (Wagner and Wagner 1966; Schneller and Rasbach 1984) , as well as in Pteridium aquilinum (Sheffield et al. 1993) and Cystopteris protrusa (Haufler et al. 1985) . Such triploids probably arise from spontaneous formation of unreduced gametophytes that mate with normal haploid gametophytes (Schneller and Rasbach 1984; Haufler et al. 1985; Sheffield et al. 1993) , although alternative hypotheses have been proposed (Wagner and Wagner 1966) . The large size of the Wind Rock triploid clone may have resulted from hybrid vigor due to enhanced heterozygosity, as proposed for a large triploid clone of P. aquilinum discovered in England (Sheffield et al. 1993 ).
Pattern of Genetic Variation among Populations
Populations of asplenioides possessed similar allele frequencies across the study region spanning 594 km from northern Virginia to South Carolina, suggesting that these populations are genetically integrated by high rates of gene flow resulting from frequent long-distance dispersal of windborne spores (Soltis and Soltis 1987; Soltis et al. 1988 ). These similar allele frequencies were reflected in low F ST values, low frequencies for the few private alleles encountered in this study, and high genetic similarities between populations. The high values of S (mean 0.944) and I (mean 0.992) are consistent with those observed for populations within the same species (Gottlieb 1977; . Clustering of taxa based on UPGMA resulted in associations that were not consistently predicted by either geographic proximity or elevation yet did not appear to be random. The departure from random was verified by the Mantel test, which indicated a statistically significant positive association between geographic and genetic distance (isolation by distance), although the effect was weak (r 2 ¼ 0:114). Hierarchical F statistic analysis showed that neither regional association (F XY ¼ ÿ0:011) nor elevational class (F XY ¼ 0:009) explained any part of the differentiation among populations. The mean F ST (0.068) was well below the mean G ST of 0.300 (G ST is roughly equivalent to mean F ST ) averaged across 146 species of sexual plants but only slightly lower than the mean G ST of 0.079 for plants with wind-dispersed seeds (Loveless and Hamrick 1984) .
Of special interest is the poorly understood role of spore dispersal in contributing to observed patterns of genetic divergence within and among populations of ferns. It is apparent that the effectiveness of spore dispersal in homogenizing allele frequencies among sites, while complete in some species (Wolf et al. 1991; Suter et al. 2000) , may be more or less constrained in others . Because the sizes of spores and their mode of dispersal are similar among different species of ferns, it becomes necessary to look for other life-history features that can explain these observed differences. Our knowledge of the life history of ferns remains incomplete (Werth and Cousens 1990) , even for species as intensively studied as P. aquilinum. Research that can directly quantify the dispersal of spores within and among populations, while challenging, would represent a very significant advance in understanding the process of genetic divergence in ferns.
Relationship between asplenioides and angustum
The southern Appalachian asplenioides populations addressed herein tended to possess higher frequencies for alleles characteristic of angustum, especially Pgm-2 B and Tpi-2 B and occasionally Idh-1 B , than did more eastern asplenioides populations. To evaluate whether the two taxa remain distinct with the addition of the southern Appalachian populations, pairwise values of S and I were computed for all 23 populations comprising the combined data of the present and the previous study (Kelloff et al. 2002) and were averaged within and between taxa (table 12) . Average values for within-asplenioides comparisons were slightly lower in the combined data set (mean S ¼ 0:941, mean I ¼ 0:990) than in the previous averages among eastern populations (mean S ¼ 0:951, mean I ¼ 0:996), while averages for comparisons between the two taxa were slightly elevated for the combined data sets (mean S ¼ 0:860, mean I ¼ 0:921) relative to the Kelloff et al. 2002) . In addition, UPGMA clustering was carried out based on the matrix of S values for the combined data set. In the resulting dendrogram ( fig. 5 ), asplenioides and angustum formed distinct clusters joined at a slightly higher value of S (0.860) than in the previous study (0.848; Kelloff et al. 2002) . The value at which all angustum populations were joined was unaffected and remained S ¼ 0:938, whereas the value at which all asplenioides populations were joined was S ¼ 0:925, reduced from S ¼ 0:945 in the study of Kelloff et al. (2002) . Ten of the 14 southern Appalachian asplenioides populations were placed in a single cluster that was joined at S ¼ 0:940 to a cluster comprising all the eastern populations plus two of the southern Appalachian asplenioides populations (Clintwood and Deerfield). The two northernmost southern Appalachian asplenioides populations (Hawksbill and Big Meadows) formed a cluster placed outside all other asplenioides, to which it was joined at S ¼ 0:925. The two populations comprising largely the high-elevation form subtripinnatum (Mount Rogers and White Top) were closely associated but did not stand out as a group distinct from other asplenioides. There was no evidence of either north-south or altitudinal clines; instead, there was a more haphazard pattern in the variation of frequencies for these alleles. These observations hint that the mountain populations of asplenioides may have experienced introgression from angustum and currently maintain substantial evidence of angustum in the northernmost populations that diminishes but does not vanish southward along the Appalachian corridor.
Nonetheless, the sharp differences in genetic similarity previously seen between angustum and asplenioides (Kelloff et al. 2002) were only slightly dulled by the addition of the data presented here, with the mean value of S between pairs of asplenioides populations reduced to 0.941 and the mean S value for population pairs of different taxa increased to 0.860. UPGMA analysis of the combined data sets maintained angustum and asplenioides in separate clusters joined at a similarity (S ¼ 0:860) only slightly greater than that between angustum and eastern asplenioides reported by Kelloff et al. (2002) . Within asplenioides, most of the southern Appalachian asplenioides populations, including two comprising primarily the high-mountain form subtripinnatum, were joined to form a single cluster. The two mountain populations that joined the cluster of more eastern populations were Deerfield, Virginia, a small, isolated, and genetically depauperate population, and Clintwood, Virginia, a fairly western population near the Kentucky border, both of which lacked the higher frequencies for some or all of the alleles characteristic of angustum. Conversely, the placement of the two northernmost Appalachian asplenioides populations sampled, Hawksbill, Virginia, and Big Meadows, Virginia, outside all Kelloff et al. (2002) . Comparison includes one southern Appalachian population, Pond Drain, Virginia. other asplenioides resulted from relatively high frequencies for angustum-type alleles, not only Pgm-2 B and Tpi-2 B but also Idh B , Idh C , and Pgi-2 G . However, only the northernmost Hawksbill population included some individuals resembling angustum in morphology. Most fern species are highly genetically distinct from one another, even if highly similar in morphology, exhibiting low genetic similarities with congeners as compared to angiosperms (Haufler 1987) . Almost all interspecific fern hybrids are sterile, producing aborted spores, because of failed meioses characterized by formation of numerous univalents. Whether asplenioides and angustum ultimately are considered distinct at species or infraspecific rank, they provide a rare opportunity in ferns to study very recently diverged taxa. Although the literature suggests that these two taxa intergrade extensively across their zone of overlap (Benedict 1934; Weatherby 1936; Fernald 1946; Wherry 1961) , such statements have not been validated through critical analyses of either morphological or molecular character combinations. Recent evidence from allozymes and spore morphology indicated introgression of angustum into a population of asplenioides in New Jersey (Kelloff et al. 2002) . However, documentation of the existence and nature of a hybrid zone between angustum and asplenioides will require more detailed investigation combining broader geographic sampling and multicharacter analysis of individual specimens, including morphometrics, spore morphology, and allozyme genotype (Kelloff et al. 2002) .
A Biogeographic Hypothesis
The distribution of genetic variation varies in a complex way across the range of A. filix-femina in eastern North America. Geographic variation in allele frequencies may have resulted from events of migrational history that override allele frequency homogenization via gene flow. The strongest pattern is, of course, that occurring between angustum and asplenioides. It is uncertain when the divergence between angustum and asplenioides initially occurred, but likely it was during one of the glacial maxima. when a number of eastern North American species became geographically subdivided in remote refugia (Parks et al. 1994) . Although the pronounced divergence between the two Athyrium taxa in numerous morphological features and allozyme frequencies (Butters 1917; Kelloff et al. 2002) indicates separation over an extended time period, the formation of fertile hybrids between angustum and asplenioides (Schneller 1989; Kelloff et al. 2002) indicates the potential for these diverged taxon gene pools to merge over time.
To account for the increased presence of angustum alleles in southern Appalachian asplenioides populations relative to asplenioides populations farther east, we hypothesize that as angustum migrated northward following the retreat of the Wisconsinan glacier, it remained present for an extended period at the higher elevations throughout the Appalachians, as have many woody species (Ware 1999) . As asplenioides migrated northward into the Appalachian region, its gametophytes frequently may have encountered and mated with angustum gametophytes, even at low elevations in valleys where angustum spores may have dispersed from the mountaintops. Thus, significant introgression may have taken place between the two taxa, resulting in the lingering elevated frequencies of characteristically angustum alleles observed throughout the southern Appalachians. Eastward, on the piedmont and coastal plain, there are no high-elevation refugia for angustum; thus, frequencies for the angustum alleles are much lower.
Combined with the information contained in Kelloff et al. (2002) , data on the patterns of populational variation for asplenioides included here provide a sound basis for understanding the current status of the taxonomy and phylogeny of A. filix-femina in eastern North America. Genetic and biogeographic data coordinate in building well-supported hypotheses about the origin of diversity and the development of lineages that are distinct in much of their range but whose boundaries are blurred. The relationship between angusta and asplenioides remains dynamic, and continued recognition of them at varietal or subspecific levels is recommended.
